9 O 31 , were prepared through the solid-state ceramic route. The phases and structure of the ceramics were analyzed through x-ray diffraction and scanning electron microscopy. The microwave dielectric properties of the ceramics were studied using a network analyzer. The investigated ceramics show high ⑀ r in the range 42 to 54, high quality factors with Q × f in the range 16,222 to 50,215 GHz, and low f in the range −25 to +6 ppm/°C. These high dielectric constant materials with high Q × f up to 50,215 GHz are suitable for applications where narrow bandwidth and extremely low insertion loss is necessary, especially at frequencies around 1.9 GHz.
I. INTRODUCTION
The dramatic advancements during the last two decades in the microwave integrated circuit technology have brought a revolution in telecommunication systems. Dielectric resonators (DRs) provide a compact, low-cost, and highly reliable choice as resonator elements in microwave circuits, and they now replace the conventional metallic cavity and microstrip resonators more frequently than ever before. The size of the microwave circuit is inversely proportional to the square root of its dielectric constant. The constraints due to size, frequency of operation, frequency stability, and selectivity allow only those materials with high dielectric constant (20-100), high Q factor (>2000), and low temperature coefficient of resonant frequency ( f < ±20 ppm/°C) for DR applications.
Most of the commercial DRs available at present fall into two groups: (i) ceramics with low dielectric constant (20 < ⑀ r < 40) and high Q factor (Q × f > 50,000 GHz) such as Ba(Mg 1/3 Ta 2/3 )O 3 , Ba(Zn 1/3 Ta 2/3 )O 3 , their solidsolution modifications, Ba 2 Ti 9 O 20 , (Zr,Sn)TiO 4 , etc.; (ii) ceramics with high dielectric constant (>65) and low Q factor (Q × f < 10,000), such as the tungsten-bronze type materials in the BaO-RE 2 O 3 -TiO 2 system. Though high dielectric constant materials can give better miniaturization, the applications requiring narrow bandwidth and extremely low insertion loss (0.3 dB) enables the use of ceramics having even ⑀ r ‫ס‬ 38. 1 Dielectric materials with ⑀ r > 40 and Q × f > 45,000 GHz can allow for further miniaturization of the devices without much compromise in quality. Materials with ⑀ r in the range 40 to 65 suitable for such applications are few, and the search for such materials is one of the current areas of research in microwave dielectrics. 
II. PREPARATION AND CHARACTERIZATION
The ceramics were prepared through the solid-state ceramic route. High-purity CaCO 3 (99+%), BaCO 3 (99+%), and SrCO 3 (99.9%), and TiO 2 (99.9%) (Aldrich Chemicals Company, Inc., Milwaukee, WI) were used as the starting oxide powders. La 2 O 3 (99.99%, Indian Rare Earths, Kerala, India) was heated at 1000°C for 3 h before weighing to remove any hydroxides. The powders were weighed according to the stoichiometry and ball milled in distilled water medium for 24 h in a plastic bottle using zirconia balls. The wet mixed powder was dried and calcined at 1200°C for 4 h, then ground and again calcined at 1400-1450°C for 4 h. The calcined mixture was ground well. Then 3 wt% PVA was added as the binder, the powder was mixed, dried, and again ground. The resultant fine powder was uniaxially pressed in a tungsten carbide die under a pressure of 150 MPa such that the pressed disks were 6-8 mm high and 14 mm in diameter. Stearic acid was used as a lubricant. The green pellets were sintered at different temperatures in the range 1500-1675°C for 4 h. The sintering temperatures were optimized for maximum density. The sintered samples were typically annealed at 1400-1450°C for 12 h to minimize the reduction of titanium ions. The sintered pellets were polished well, and the bulk densities were measured using the Archimedes method. The phase purity of the sintered samples was studied by XRD using a Rigaku x-ray diffractometer (Dmak 1C, Tokyo, Japan). The surface morphology of the samples was studied using scanning electron microscopy (SEM). The sintered samples were thermally etched at temperatures 50°C lower than their respective sintering temperature for 30 min and were used for recording SEM.
The microwave dielectric properties were measured using an HP 8510C network analyzer (Hewlett-Packard, Palo Alto, CA). The microwave dielectric constant was measured by the dielectric post resonator method suggested by Hakki and Coleman and modified by Courtney. 13, 14 The resonator was placed between two goldcoated copper metallic plates, and microwave energy was coupled through E-field probes to excite various resonant modes. Among the various resonant modes, the TE 011 mode was selected for the measurement. The quality factors of the samples were measured at the TE 01␦ mode resonant frequency using a transmission mode cavity. 15 The temperature coefficient of resonant frequency ( f ) was measured from the slope of the graph plotted between resonant frequency and temperature. The measurement is usually done in the range 20-80°C.
III. RESULTS AND DISCUSSION
The ceramics were sintered into dense bodies. The percentage densities of the sintered samples are given in Table I ceramic was sintered well at 1550°C for 4 h, whereas its strontium counterpart was sintered well at 1625°C for 2 h. The calcium-based compounds were sintered into dense bodies in the temperature range 1650-1670°C for 4 h.
A. XRD and SEM analysis
The XRD patterns recorded for the ceramics were compared with standard data. 16 The XRD patterns of the MLa 4 Ti 4 O 15 (M ‫ס‬ Ca, Sr, Ba) and Ca 2 La 4 Ti 5 O 18 ceramics are shown in Fig. 1, and crystallized in a hexagonal structure, and the close similarity of their XRD patterns is well evident in Fig. 1 O 17 grains are large and up to 15 m in size. Other samples also showed similar microstructures. The SEM pictures confirmed the single-phase nature of the compounds. The near-to-melting appearance of the ceramics [ Fig. 3(b) ] may be due to higher sintering temperatures. These DR samples are optimized to have the best Q at these temperatures.
B. Microwave dielectric properties
The ceramics showed excellent microwave dielectric properties. The TE 01␦ modes of the samples were obtained in the range of 4-6 GHz. The microwave dielectric properties of the ceramics are given in Table I . The variation of (⌬f/f) with temperature for the compounds is given in Fig. 4 18 The orthorhombic CaLa 4 Ti 5 O 17 and CaLa 8 Ti 9 O 31 were also characterized by very good microwave dielectric properties with ⑀ r of 53.7 and 48.6, quality factors of 4730 (at 3.67 GHz) and 5300 (at 3.65 GHz) and low f of −20 and −6 ppm/°C, respectively. Ca 2 La 4 Ti 6 O 20 showed poor resonance due to very high dielectric loss and is therefore not useful for DR applications.
The values of the microwave dielectric constant obtained for the ceramics were corrected for porosity (refer to Table II) using the following equation:
where ⑀ m is the dielectric constant corrected for porosity, ⑀Ј is the experimental dielectric constant, and P is the fractional porosity. The dielectric constant is calculated using the Clausius-Mossotti equation:
where V m is the molar volume and ␣ D is the sum of ionic polarizabilities of individual ions. The calculated dielectric constants usually agree well with the experimental values for well-behaved ceramics. 20, 21 However, an inconsistency is found when the equation is applied to the La containing BaLa 4 Ti 4 O 15 and Ba 2 La 4 Ti 5 O 18 ceramics. 3 It has been suggested that if the ionic polarizability of La ion is changed to 4.82 instead of 6.12, given by Shannon, this inconsistency can be avoided. 3 We calculated the dielectric constant of the investigated materials using ␣ La ‫ס‬ 4.82. The calculated and experimental dielectric constants (after applying porosity correction) for the ceramics are given in Table II significantly affect the calculated value of dielectric constant. Figure 5 shows the variation of the porositycorrected dielectric constant and temperature coefficient of resonant frequency with average ionic radius of the A site ions for the MLa 4 Ti 4 O 15 (M ‫ס‬ Ca, Sr, Ba) system. The dielectric constant of the materials in the system increases with the average ionic radius of the A site ions.
We investigated phase formation within the compositions SrO-2RE 2 O 3 -4TiO 2 (RE ‫ס‬ Sm, Nd, Pr, and Gd). The mixed oxide powders are calcined in the range 1350-1500°C for 4 to 8 h and sintered at 1625-1650°C for 4 h. No cation-deficient hexagonal phases analogous to SrLa 4 Ti 4 O 15 compounds were found. The compositions show a multiphase appearance and mostly contain the RE 2 Ti 2 O 7 pyrochlores. The ceramics show good microwave dielectric properties except SrO-2Gd 2 O 3 -TiO 2 ceramics, which have poor resonance due to high dielectric loss. The phase formation within the investigated compositions was found to be sensitive to the preparation conditions, and different batches of the ceramics show variation in microwave dielectric properties.
Among the investigated cation-deficient hexagonal perovskites, only Ca 2 La 4 Ti 5 O 18 showed a positive value of f (+6 ppm/°C). The investigated ceramics showed dielectric constant in the range 42-54 and high Q × f in the range 16,222-50,215 GHz with a low temperature coefficient of resonant frequency in the range +6 to −25 ppm/°C. The investigated ceramics are potential candidates for practical applications. These high dielectric constant materials with high Q × f up to 50,215 GHz are suitable for applications where narrow bandwidth and extremely low insertion loss is necessary, especially at frequencies around 1.9 GHz.
IV. CONCLUSION
Cation-deficient hexagonal perovskites CaLa 4 were prepared through the solid-state ceramic route. The phases and structure of the ceramics were analyzed through XRD and SEM. The microwave dielectric properties of the ceramics were studied. The ceramics showed high ⑀ r in the range 42-54, high quality factors with Q × f in the range 16,222-50,215 GHz, and low f in the range of −25 and +6 ppm/°C. Their high dielectric constants and high quality factors of Q × f up to 50,215 GHz with low temperature coefficients of resonant frequency make them suitable for applications where narrow bandwidth and extremely low insertion loss are necessary, especially at frequencies around 1.9 GHz. 
